Optimal conditions for the assay of methionine adenosyltransferase in crude extracts of human fetal lung were determined. Maximal activity was obtained with 36 m M ATP, 20 m M L-methionine, 240 m M M g + + , and 160 mM K + . The pH optimum was 6.2-6.4, which is the same a s that for adult human lung but lower than that for human liver. In human fetal iung, there was an increase in specific activity of methionine adenosyltransferase with increasing gestational age (r = 0.87; P < 0.01) up to 25 weeks of gestation, after which time no fetal specimens were obtained. The specific activity of 5-methyltetrahydrofolate-homocysteine methyltransferase of human fetal lung was 2.51 & 0.88 nmol/mg proteinlhr, which was higher ( P < 0.001) than the activity found in newborn lung (0.14 =t 0.01). Activity of serine hydroxymethyltransferase and of betaine-homocysteine methyltransferase was absent from human fetai lung. Activity of cystathionine synthase was absent from fetal, neonatal, and mature human lung. Activity of cystathionase in fetal and newborn human lung was present only in trace amounts. In rhesus monkey lung, beginning 1 5 days before term, the activity of methionine adenosyltransferase increased 6-fold to reach a maximum before term (165 days), and during the first weeks of life the activity gradually diminished. 5-Methyltetrahydrofolate-homocysteine methyltransferase activity in fetal (100-145 days) monkey lung was higher (6.57 rt 0.95 nmol/mg proteinlhr) than in newborn lungs (1.91 + 0.97) (P < 0.001). In fetal rabbit lung, the activity of methionine adenosyltransferase decreased 2.5-fold during the last third of pregnancy, whereas a 2-fold increase occurred during the first 48 hr after term birth.
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Speculation
The increasing specific activity of methionine adenosyltransferase in the lung of the human, monkey, and rabbit around the time when extrauterine survival is possible in each species suggests that this enzyme may be important in the synthesis of surface-active lecithin and/or in methylation reactions related to detoxification of the constituents in the blood perfusing the breathing lung.
S-Adenosylmethionine, a major donor of methyl groups in mammalian tissues, is formed from L-methionine and A T P in the presence of M g + + and K + by rnethionine adenosyltransferase (ATP:L-methionine S-adenosyltransferase, EC. 2.5.1.6) (2). Biosynthesis of S-adennsylrnethionine is also the first step on the transsulfuration pathway, which transfers the sulfur atom from L-methionine to the 3-carbon skeleton of L-serine to form L-cysteine. In human fetal liver and brain, but not in kidney, the transsulfuration pathway (see Fig. 1 ) is incomplete (I 2, 24, 28) as a result of the absence of cystathionase (L-cystathionine cysteinelyase (dearn~nating), EC. 4.2.1. l j, the enzyme which cleaves cystathionine to cysteine and a-ketobutyrate.
In the human, the transsulfuration pathway apparently becomes active after birth (30) . In the mature human, 90% of the methionine sulfur goes down this pathway (26) ; therefore, we examined some of the enzymes of transsulfuration and related reactions in human fetal tissues. Investigation of the remethylation of homocysteine to methionine by the vitamin BIZ-dependent 5-methyltetrahydrofolate-homocysteine methyltransferase (5-methyltetrahydropteroyl-L-glutamate:L-homocysteine S-methyltransferase, EC. 2.1.1.13) demonstrated that the specific activity of this enzyme was much greater in fetal human liver and brain than in mature human liver and brain (14) . The alternative enzyme for remethylation of homocysteine to methionine, betaine-homocysteine methyltransferase (EC. 2.1.1.5), was much less active (14) . In addition, the apparent K, for 5-methyltetrahydrofolate-homocysteine methyltransferase is of the order of M, whereas that of cystathionine synthase, the enzyme which competes for the substrate, homocysteine, is of the order of M (7). Furthermore, the specific activity of cystathionine synthase also is reduced in human fetal liver and brain (12) . Thus, 5-methyltetrahydrofolate-homocysteine methyltransferase would be expected to comPete effectively with cystathionine synthase for the free homocysteine, thus forming a methionine cycle (Fig. 1) .
The methionine cycle, the existence of which has been appreciated in mature tissues (7, 9) , was postulated to be especially active in human fetal liver and brain (10, 11 ). An active methionine cycle would conserve the sulfur of homocysteine at the price of making cyst(e)ine essential and would facilitate the biosynthetic reactions related to this cycle. The fact that cystathionase is virtually absent would, according to this hypothesis, maximize the conservation of homocysteine sulfur, since none could be converted to cysteine. We have provided ancillary evidence in support of the biologic significance of increased activity of the methionine cycle in fetal liver. (I) There is greater incorporaton of [35S]methionine into proteins of human fetal liver than into proteins of mature human liver (12) . (2) There is virtually no incorporation of the sulfur of methionine into the sulfur of cyst(e)ine by perfused human fetal liver (12) . (3) There is a greater synthesis of polyamines from S-adenosylmethionine in fetal human liver than in mature human liver (28) . (4) In fetal human liver, at the time that activity of 5-methyltetrahydrofolate-homocysteine methyltransferase is high, there is more rapid transfer of the P-carbon of serine into the de novo synthesis of DNA via thymidylate (31) than there is in adult human liver.
This cycle also seems to provide the potential for an increased enzymatic capacity for biologic methylation. Although the specific activity of methionine adenosyltransferase in human fetal liver during the second trimester is less than that of mature human liver, the specific activity of this enzyme in human fetal brain increases during the second trimester (12) , and in the rat (3) it increases greatly in the liver at the time of maximal fetal growth, i.e., late in gestation. The so-called methylation pathway for synthesis of the surface-active phospholipid, phosphatidyl choline (lecithin), is considered by some investigators to be of importance in allowing survival after premature birth of man and of the rhesus monkey (16) (17) (18) (19) . Others consider only the so-called choline pathway of significance in fetal lung (5) . The controversy in this field has been reviewed recently (38) . It also is possible that biologic methylation would be of importance in the detoxifiction (6) of a number of compounds in the lung. It was of interest, therefore, to examine the activity of some of the enzymes of the methionine cycle and transsulfuration at times when there might be an increased need for methylation. We find evidence of increased activity of the methionine cycle in the lung during fetal life and evidence that the specific activity of methionine adenosyltransferase in lung increases at the time of gestation when extrauterine life becomes possible for man, monkey, and rabbit.
M E T H O D S A N D M A T E R I A L S
The lungs from previable human fetuses of 3-25 cni crown-rump length, approximately 6-25 weeks of gestation, were obtained immediately after legal abortion by hysterotomy. None of the investigators participated in any way in the clinical decision for abortion. Gestational age was determined from the crown-rump length nomogram of Tanimura et al. (36) . The lungs were removed, freed from any visible blood by washing the pleura with isotonic saline, and immersed in liquid nitrogen. No fetus was observed to breathe after removal from the amniotic sac. Human newborn lungs were obtained from premature and term human newborns who died of causes other than respiratory distress or pulmonary disease, as determined clinically. Biopsies of these lungs were performed through high axillary intercostal incision not later than 2 hr after death. After removal and saline washing, if necessary, these lungs were immersed in liquid nitrogen. Human adult lung was obtained during postmortem examination up to 4 hr after death. Specimens from adults with obvious pulmonary disease were excluded from the study. After freezing in liquid nitrogen, all samples were stored at -70' until analyzed (no longer than 2 weeks).
Female rhesus monkeys, weighing 2-3 kg, were obtained pregnant from the wild. They were kept in the Laboratory for Experimental Surgery in Primates, Tuxedo, New York, until operation or delivery. The stage of pregnancy was determined roentgenographically and by palpation with an accuracy of i 5 days. Fetuses at various stages of gestation were obtained by cesarian section under Nembutal anesthesia. They were prevented from breathing, if necessary, by capping the head with a condom. Lungs were removed and kept frozen as described above. Lungs were obtained from newly born monkeys delivered vaginally at term. Newborns at various ages were decapitated and the lungs were removed, washed, and frozen.
Pregnant New Zealand albino rabbits were obtained from Perfection Breeders, Douglasville, Pa. The time of conception was known within 6 hr. The dams were decapitated at several stages of gestation, the uterus removed, and the lungs of the fetuses quickly removed and immersed in liquid nitrogen. Dissection was performed with the aid of a dissecting microscope, whenever necessary. Newborn rabbits were decapitated at various stages after birth, and the lungs were removed as described.
L-[3-"C]Serine (48 mCi/mol) was obtained from Amersham/ Searle, Arlington, Ill.; [methyl-14C]betaine was obtained from New England Nuclear, Boston, Mass. All other reagents were of the highest purity available from Sigma Chemical Co., St. Louis, Mo., and were used without purification.
Sample preparation was carried out at 0-4'. Fetal lungs were homogenized in a Potter-Elvehjem glass-glass homogenizer for 4 min in equal parts (w/v) of Tris buffer, 0.2 M, pH 7.2. Mature lungs were first homogenized in an OmniMixer from Sorvall, Inc., Norwalk, Conn., with two parts of buffer (w/v) and then again homogenized in a glass-glass homogenizer. Supernates obtained after centrifugation at 30,000 x g for I hr were used for all assays.
Activity of methionine adenosyltransferase was determined by METHlONlNE ADENOSYLTRANSFERASE AND TRANSMETHYLATION 547 quantifying the amount of S-adenosylmethionine formed under conditions saturating for substrates (13) . Except where indicated, the following, in micromoles, were incubated at 37' for 120 min in a total volume of 0.5 ml: Tris-HCI buffer, pH 7.2, 60; KCI, 80; MgCI*, 120; ATP, 18; L-methionine, 10. Appropriate dilutions of the tissue extract were made with the same Tris buffer, and the other compounds were added as neutral aqueous solutions. S-Adenosylmethionine was quantified with a Beckman model 120C amino acid analyzer (13) . Calculation of the peak area and subsequent calculations were carried out with an Infotronics IOOOL on-line computer. Cystathionine synthase and cystathionase were determined by our previously described assays (13) . We used our minor modifications (14) of the radioassays for the determination of betaine-homocysteine methyltransferase (8). 5-methyltetrahydrofolate-homocysteine methyltransferase (8) , and serine-tetrahydrofolate-methyltransferase (EC. 2.1.1.1) (37). All assays were performed in duplicate; the duplicates did not differ more than 10%. A blank determination with extract boiled for 5 min before incubation was performed for each sample. Protein was determined by the method of Lowry et al. (21) .
RESULTS

ASSAY CONDITIONS FOR METHlONlNE ADENOSYLTRANSFERASE
Optimal conditions for the assay of methionine adenosyltransferase in crude extracts of human fetal lung were systematically determined. Concentrations used for both substrates were saturating; 36 m M ATP and 20 m M L-niethionine give maximal activity. There was no activity without added ATP, whereas without methionine it was about 20% of the maximal activity. This is similar to rat and human liver (33, 34) , in which even with partially purified methionine adenosyltransferase there was a considerable activity without added methionine, but none without added ATP.
The activity of methionine adenosyltransferase in human fetal lung was proportional to the concentration of soluble protein when analyzed in the range between 0.8 and 6.8 mg protein/assay in piperazine-N,N1-bis(2-ethane sulfonic acid) (Pipes) buffer, 0.8 M at pH 7.0. At low protein concentrations, it was observed that Tris buffer, which was used for the actual determinations of specific activity, caused a slight inhibition resulting in a deviation from linearity. This has been observed previously, but not commented on, by Mudd et al. (22) . In our studies 3 . 0 6.0 mg protein were used, which is in the linear range for both buffers.
The activity of methionine adenosyltransferase in human fetal lung was proportional to the time of incubation at 37O, with an initial time lag of 4 niin when incubated with Tris buffer. This time lag disappeared when the reaction mixture was incubated with Pipes buffer at the same pH, again suggesting a slight inhibition of methionine adenosyltransferase by Tris.
Tris buffer rapidly loses its buffering capacity below pH 7.0. Therefore, we also used Pipes buffer for the determination of pH optima, after it was established that Pipes does not activate or inhibit methionine adenosyltransferase in the pH range over 7.0. In the pH curves, the pH at several points was rechecked after incubation, and it did not differ from the value before incubation by more than 0.02 pH units. The pH optimum in Pipes buffer for human fetal lung was 6.2-6.4. At pH 7.0, the fetal lung enzyme in vitro was 75% of its maximal activity. Ault human lung also had a pH optimum of 6.2-6.4. At pH 7.0 the adult lung enzyme in vitro had 85% of its maximal activity. Human fetal liver, like human adult liver ( 3 3 , has a pH optimum at 7.0 (Pipes buffer) with a broad peak. The activity of methionine adenosyltransferase was measured with Tris buffer at pH 7.2 in all lung extracts, since many of our experiments were already done when the pH optimum of lung was found to be lower than that of liver. Because of the small size of the samples and the difficulty in obtaining the original human samples, it was not possible to repeat the determination for methionine adenosyltransferase in all of them. Thus, the values reported consistently represent about 75% of the maximal activity.
HUMAN FETAL LUNG
In 18 human lungs from first and second trimester fetuses there was an increase in the specific activity of methionine adenosyltransferase with increasing crown-rump length ( r = 0.87; P < 0.01) (Fig. 2) . In nine newborn human lungs from 9 hr to 25 days of age, methionine adenosyltransferase was 3.05 * 1.52 nmol/mg proteinlhr ( Table 1) . No dependence on postnatal age, weight at birth, weeks of gestation, or the time after death of autopsy (within the limit of 2 hr) was observed In two adult lungs the activity was 1.3 and 1.6 nmol/mg proteinlhr, respectively.
5-Methyltetrahydrofolate-homocysteine methyltransferase in 16 fetal human lungs was 2.51 * 0.88 nmol/mg proteinlhr (Table I) .
N o correlation with crown-rump length was observed. This value was far higher than that found in neonatal and mature lung. It was half the specific activity we reported for fetal liver, but twice that of mature liver (14) . Betaine-homocysteine methyltransferase was determined in six fetal (second trimester) human lungs; only a trace of activity was found. Cystathionine synthase was determined in lungs from 5 fetuses, 13 newborns, and 3 adults; only trace activity was found. Cystathionase was determined in lungs from 5 fetuses and 13 newborns; it was found to have a specific activity approaching the lower limit of detection in our assay. In contrast to neonatal liver, in which the specific activity of cystathionase and cystathionine synthase increased after birth, there was no postnatal increase. Serine hydroxymethyltransferase was determined in 15 fetal lungs; the specific activities approached the lower limit of detection.
RHESUS MONKEY FETAL LUNG
Because of the uncertainties of interpretation when postmortem human tissues are utilized, the lack of availability of third (Table 2) . Immediately before term, however, the specific activity increases almost 6-fold. During the first weeks of life it gradually diminishes over a period of 3 months to reach the specific activity found in adult lung. One fetus, delivered by cesarian section on da.v 142 of gestation, was accidentally allowed to breathe for about 5 min. In this lung, the specific activity of methionine adenosyltransferase was found to be about 3 times higher than that of fetuses of this age that had not breathed. 5-Methyltetrahydrofolate-homocysteine methyltransferase activity was 6.57 + 0.95 nmol/mg protein/hr in fetal monkey lungs and 1.91 * 0.97 in lungs from newborns. This difference was statistically significant ( P < 0.001). These values were similar to those found in fetal and mature liver of this animal (Table 2) .
RABBIT FETAL LUNG
A total of 44 litters, with an average of 8 fetuses, and I2 adult rabbit lungs were analyzed for activity of methionine adenosyltransferase. The specific activity decreases from 5.14 A 0.70 nmollmg protein/hr on the 18th day of pregnancy to 2.03 + 0.58 nmol/mg proteinlhr on the last day of pregnancy (day 31). After birth, the activity increases during the first 48 hr of extrauterine life to a maximum of 4.13 + 0.63 nmol/mg proteinlhr (Fig. 3) .
Lungs from one litter were analyzed when the pups were 72 hr of age and were even higher, 5.9 nmol/mg proteinlhr. Mean specific activity in the adult lung, as determined in 12 dams, was 1.49 * 0.10 nmol/mg proteinlhr, which was significantly lower than the mean specific activity at birth ( P < 0.05). Although female rat liver has a higher specific activity of methionine adenosyltrans- Gaull (29) and are given for the purpose of comparison with lung. Fig. 3 . Development of specific activity of methionine adenosyltransferase in rabbit lung. The number under each point is the number of litters examined at each age or the number of individual dams. See text for details. SAM: S-adenosylmethionine. ferase than male rat liver (23), this is not true in the rabbit (20) ; therefore, lungs from male rabbits were not studied.
DAYS OF GESTATION HOURS AFTER BIRTH
DISCUSSION
The present data give evidence of increased activity of the methionine cycle in fetal lung. Methionine adenosyltransferase activity is increased at a time when 5-methyltetrahydrofolate methyltransferase activity is also increased and when activities of cystathionine synthase and cystathionase are absent. The increase in the methyltransferase (with its apparent K, for homocysteine of M), combined with the virtual absence of both enzymes of transsulfuration, would assure maximal recycling of homocysteine sulfur to methionine sulfur and transfer of the methyl group of 5-methyltetrahydrofolate for resynthesis of S-adenosylmethionine. Maximal methylation capability would then be assured. The question might be posed: Why should there be any increase in specific activity of methionine adenosyltransferase when it is known to be operating at substrate concentrations well below its K, for methionine? However, if there should be an increased demand for S-adenosylmethionine at such times in development when the concentration of methionine in the tissues actually is decreasing, an increase in total methionine adenosyltransferase activity might be necessary to provide the enzymatic capacity required to meet this increased demand. The mechanism for regulation of methionine adenosyltransferase activity appears to be complex (4, 34) , suggesting that it may be involved in regulatory functions and demonstrating that factors other than substrate concentration are important.
The increasing specific activity of methionine adenosyltransferase activity in the lung of the human, monkey, and rabbit around the time when each species acquires the respiratory capability to survive is striking. A change in composition of the blood perfusing the lungs at this time might elicit such an increase, since methylation reactions may be involved in the detoxification of both endogenous and exogenous substances (6) . It is also possible that the increase in the enzymatic potential for methylation might be related to the respiratory function of the lung.
Human and monkey fetuses have the respiratory capability to survive premature birth by the dint of the ability to synthesize surfactants prior to term. In both species, around the time that survival becomes possible (at about 28 weeks for the human; at about 150-155 days for the monkey, with about 50% survival at 145 days (24) ), the activity of methionine adenosyltransferase increases (Fig. 4) . In the monkey, there is a perinatal peak of activity which begins about 2 weeks before term, which is just the time that Gluck and coworkers (15) have reported the lecithin to sphingomyelin ratio of the amniotic fluid in the monkey to rise. 17 the human, there is a steady increase in specific activity during the 
-E
C second trimester. Third trimester human fetuses and normal human neonates cannot be studied; however, the similarity of the monkey to the human with regard to other aspects of sulfur metabolism (32) suggests that the increase occurring during the second trimester probably continues into the third trimester. The mean specific activity of lung methionine adenosyltransferase of the human neonate is below the specific activity late in the second trimester but probably above that in mature lung. It also is possible that the specific activity was lower in neonatal lung than in the fetal lung in our study because the neonates all had been sick prior to death or because the enzyme is unstable postmortem. Zachman (40) also reported methionine adenosyltransferase activity in lungs obtained postmortem from newly born infants, but he used a different assay, and it is not clear that his results are comparable with ours. One major discrepancy between his results and ours is that he found methionine adenosyltransferase activity in neonatal lung higher than in neonatal liver, whereas we found liver at all stages of development to have a higher specific activity than lung. No explanation of this discrepancy is apparent to us. Rabbits cannot breathe prior to I or 2 days before term. In the rabbit fetus, in contrast to the human fetus and to the monkey fetus, there is a decrease in specific activity of methionine adenosyltransferase in later stages of gestation (Fig. 4) . At term, when survival for the rabbit is possible, the activity of lung methionine adenosyltransferase also increases.
There are two pathways for synthesis of phosphatidylcholine (lecithin): ( I ) the choline pathway which requires preformed choline and which has not been shown to require S-adenosylmethionine; (2) the methylation pathway in which 3 molecules of S-adenosylmethionine are required for each molecule of phosphatidylcholine synthesized (38) . Gluck and coworkers (16) (17) (18) (19) have provided indirect data in support of their hypothesis that in the human fetus from 22 to 35 weeks of gestation it is the methylation pathway that is involved in the de novo synthesis of surfactant lecithin (phosphatidylcholine); beginning at 35 weeks the choline pathway becomes quantitatively important. There is considerable disagreement about the importance of the methylation pathway (5, 38) . The present results are consistent with the proposed existence of the methylation pathway in human and monkey fetal lung, although they do not establish its existence or its quantitative significance. The recent work of Salerno and Beeler (27) raises the possibility that S-adenosylmethionine also may play a role in the choline pathway for the synthesis of phosphatidylcholine. S-Adenosylmethionine has been known to be the methyl donor during the methylation of phosphatidylethanolamine to phosphatidylcholine ("methylation pathway") (1, 39) . Salerno If their work is correct and if it applies to lung, then it is possible that the increase in specific activity of methionine adenosyltransferase, and, therefore, in availability of S-adenosylmethionine, is involved in synthesis of phosphatidylcholine by either or by both routes. Methionine adenosyltransferase activity in lung is increased at a time when 5-methyltetrahydrofolate methyltransferase activity is also increased and when activities of cystathionine synthase and cystathionase are absent. Maximal enzymatic capability is found in the lung of the human, monkey, and rabbit around the time when each species acquires the respiratory capacity to survive.
